The growth of ultrathin two-dimensional manganese oxide nanostripes on vicinal Pd(1 1 N) surfaces leads to particular stable configurations for certain combinations of oxide stripe and substrate terrace widths. Scanning tunneling microscopy and high-resolution low-energy electron diffraction measurements reveal highly ordered nanostructured surfaces with excellent local and long-range order. Density functional theory calculations provide the physical origin of the stabilization mechanism of 'magic width' stripes in terms of a finite-size effect, caused by the significant relaxations observed at the stripe boundaries.
(Some figures may appear in colour only in the online journal) Low-dimensional oxide nanostructures are fascinating objects for studying the properties of materials in low and small dimensions, and for supporting potential applications in nanotechnology such as in novel magneto-electronic devices [1] or in advanced catalysis [2] . As a result of the interplay of finite size, dimensionality and proximity effects, oxide nanostructures in combination with a metallic support system represent a new class of hybrid materials displaying novel and often unprecedented physical and chemical properties [3, 4] . In order to understand the phenomena of low-dimensional oxide materials in terms of structure, electronic behavior and magnetism, the design of well defined model systems is necessary, which are controllable and can be characterized at the atomic level. Here we present a low-dimensional oxide-on-metal system in terms of a superlattice of manganese oxide nanostripes supported on a metallic Pd nanostructure. The latter consists of a vicinal Pd surface with a coherent periodic nanometer-scale morphology, which acts as a template for the directed growth of structurally well ordered manganese oxide nanostripes. The periodic array of monatomic steps on vicinal metal surfaces provides a suitable platform for the growth of nanostructured systems, and both elemental and compound nanodots [5, 6] , nanowires [7] [8] [9] and nanogrids [10] have been successfully prepared. The geometry parameters of a vicinal metal surface comprise the unit cell symmetry and width of the terrace areas and the orientation of the monatomic step edges, all of which are determined by the orientation of the parent low-index surface and by the miscut angle of the vicinal with respect to its low-index parent. The thermodynamic stability of a vicinal surface is governed by the surface free energy of the low-index terraces, the step creation energy, and the step-step interaction energy [11] . In the presence of adsorbate layers, the adsorbate-substrate and intra-adsorbate interactions possibly change the energy balance of the system and therefore can lead to restructuring of the substrate. A well known example is the faceting of transition metal vicinal surfaces induced by the adsorption of oxygen at elevated temperature [12] . In the present work, by combining experiment and density functional theory (DFT) we present a rather unique restructuring of a vicinal metal substrate involving terrace width modifications, which are responsible for the remarkable stabilization of an oxide nanostripe superstructure. The Mn oxide nanostripes discussed here provide a promising model system for studying the electronic and magnetic properties of nanostructured oxide systems.
Thin films of rock-salt MnO-type oxides can be grown epitaxially on Pd(100) surfaces despite the nominally ∼14% mismatch between the respective bulk lattices [13, 14] . This epitaxial growth is mediated by interfacial Mn x O y layers of variable stoichiometry, which provide a graded interface to overcome the lattice mismatch. In the ultrathin-film limit, a complex system of Mn x O y monolayer structures has been detected on Pd(100) as a function of the chemical potential of oxygen during growth [15, 16] . Amongst the various ordered Mn x O y phases, a central role is played by a c(4 × 2) Mn 3 O 4 wetting layer characterized by a rhombic distribution of Mn vacancies in a regular MnO(100)-like network [13, 14, 17] . On the flat Pd(100) surface, however, this c(4 × 2) Mn 3 O 4 structure constitutes only a moderately ordered phase, with regular c(4 × 2) regions periodically separated by domain boundaries.
Aiming to fabricate a well ordered wide template of this peculiar phase, we have investigated the Mn x O y /Pd system by growing nanostripes of manganese oxide on vicinal Pd(1 1 N) surfaces. Indeed, in our preliminary scanning tunneling microscopy (STM) experiments we have revealed that deposition of Mn atoms on the Pd(1 1 17) surface leads to the formation of well ordered, essentially defect-free one-dimensional nanowires (low-coverage regime, 0.1 ML) and of two-dimensional (2D) nanostripes c(4 × 2) and also p(2 × 1) periodicity (high coverage, 0.75 ML) [19] . Remarkably, it was shown that the stabilization of the latter MnO x 2D nanostructures is accompanied by the faceting of the (1 1 17) into a (1 1 21) surface. In the present letter we aim to examine the physical origin of the formation of an array of mesoscopically and atomically well ordered Mn 3 O 4 -like nanostripes supported on Pd (1 1 N) (N = 17, 19, 21) surfaces, and to suggest alternative and non-conventional routes of nanoscale engineering of size-controlled nanostructures. We have used extensive DFT calculations associated with STM and high-resolution low-energy electron diffraction (spotprofile analysis SPA-LEED). Besides supplying a quantitative structural determination of the novel nanostructures, DFT derived [20] thermodynamic arguments provide a rationale for the stabilization mechanism in terms of preferential ('magic') widths for atomically well ordered c(4 × 2) Mn 3 O 4 -like nanostripes. The experimental and computational procedures are described at the end of paper (computational and experimental procedure).
The Pd(1 1 17) surface consists of (100) terraces, nine atom rows (23.4Å) wide, separated by monatomic steps with [111]-oriented microfacets. The STM image of figure 1(a) reveals that the pristine Pd(1 1 17) surface has only moderate long-range order with numerous kinks at the step edges and a relatively wide terrace width distribution, centered at a width of 23-24Å as seen in the histogram of figure 1(c). The moderate regularity of the terrace width of the Pd (1 1 17) surface is due to the weak step-step interaction energy across the relatively wide terraces [11] . Deposition of the c(4 × 2) Mn 3 O 4 -like nanostripes on Pd(1 1 17) (figure 1(b)) yields a perfectly ordered stepped Mn oxide/Pd surface, with straight defect-free step edges and almost identical terrace widths over mesoscopic distances. The terrace width distribution is very narrow (see figure 1(c) ), but now centered at 28-29Å, indicating an increase of the average terrace width. This is confirmed by the line scans across the autocorrelation plots of the STM images of figures 1(a) and (b), which are displayed in panel (d) of figure 1 . These line scans demonstrate unambiguously that the periodicity of the two surfaces is different and that the average terrace width of the c(4 × 2) oxide covered surface is expanded as compared to the pristine Pd (1 1 17) surface.
The quantitative analysis of the long-range order parameters of the bare (1 1 17) and Mn x O y covered Pd surfaces as obtained by the SPA-LEED investigation is shown in figure 2 , where we present the intensity plot of the c(4 × 2) surface (a) and the comparison of the line scans of Pd(100), Pd (1 1 17), and the surface covered by Mn x O y (b). The LEED pattern in figure 2(a) shows spots due to a multitude of scattered reflections indicative of the large unit cell formed by the combination of the c(4 × 2) structure and the ordered step array of the Pd substrate: the sharpness of the LEED reflections gives evidence of the excellent long-range order of this surface. The analysis of the c(4 × 2) line scan allows us to derive the unit cell parameter K perpendicular to the step edges (as given by the distance between the scattering intensity maxima) and from this a mean terrace width of 28.5-29Å can be deduced. These terraces are thus two atomic rows wider than those of the original (1 1 17) surface, and correspond to a rearrangement into a (1 1 21) Pd surface. This terrace expansion is directly recognized as the reduced distance in K between scattering intensity maxima 10 and 11 in the inset of figure 2(b). In order to maintain the macroscopic crystal orientation, the (1 1 17) to (1 1 21) reconstruction has to be accompanied by the creation of double or multiple atom steps; the latter are indeed observed periodically, although not regularly, in large scale STM images (not shown). The STM and SPA-LEED data thus indicate that the deposition of Mn x O y nanostripes leads to the stabilization of a very regular defect-free step-terrace arrangement of a Pd(1 1 21) surface, resulting from a major surface reconstruction of the initial Pd (1 1 17) substrate. The physical origin of this phase transformation is investigated in the following by DFT. Figure 3 summarizes the results of the DFT calculations concerning the structural stabilities in terms of energies of formation per adatom E f . The Mn x O y nanostripes are constructed in terms of subsequent rows of the c(4 × 2) monolayer as found to adsorb on Pd(100) [18] . In the unsupported case E f is calculated for free standing Mn x O y nanostripes. In figure 3 formation energies of free standing (a) and Pd(1 1 N)-supported Mn x O y nanostripes (c) are presented as a function of the lateral width of the stripes. From (a) we infer that the relative stability of the free standing nanostripes strongly depends on their lateral termination: all MnO 2 terminated models consisting then of complete sets of Mn 3 O 4 building blocks (highlighted by filled diamonds) are much more stable than all other structures which are terminated differently (denoted by empty diamonds). This results in a periodically modulated stability pattern characterized by a sequence of highly favorable models whose formation energy is converged for stripe widths larger than 25Å. The lateral width, which determines the phase of the modulation, is 5.58Å, twice the optimized lattice parameter of 2.79Å for It is important to note that this value for the free standing Mn 3 O 4 monolayer is 12% smaller than the value of 3.14Å corresponding to bulk MnO. Because of this shrinking, there is a good epitaxial matching between the Mn 3 O 4 monolayer and Pd(100) with its DFT derived lattice parameter of a Pd = 2.75Å. This explains the ready formation of the c(4 × 2)-Mn 3 O 4 phase on Pd(100) because of reduced strain effects [18] . The observation that the stability of free standing Mn x O y nanostripes built by subsequent rows of the c(4 × 2) monolayer can be rationalized in terms of a sequence of MnO 2 -terminated nanostripes with a periodically favorable lateral width of n5.58Å (n being integer, see figure 3(a) ) is confirmed by the simulation for the supported Mn x O y /Pd (1 1 N) (N = 17, 19, 21 (1 1 21). This finding strongly corroborates the experimentally observed reconstruction of Pd(1 1 17) to a larger terrace size upon adsorption of Mn x O y . As discussed for figure 1(c) , experiment unambiguously reveals a Mn x O y -induced Pd(1 1 17) to Pd(1 1 21) restructuring, whereas according to DFT both the Pd(1 1 19) and Pd (1 1 21) terraces covered by Mn 14 O 20 nanostripes are equally stable. Considering that our DFT scheme properly incorporates the energy arising from the oxide-step interaction we speculate that the preference for the (1 1 21) terraces might be attributed to kinetic processes during oxidation of the nanostripes (which was performed at the rather elevated temperature of 800 K), since temperature effects are not taken into account within our approach. Furthermore, the area of impact for Mn and O 2 molecules impinging on the terrace is about 10% larger for Pd(1 1 21) than for Pd (1 1 19) . Geometrically, the Pd(1 1 21) terrace can accommodate nanostripes larger than Mn 14 O 20 , but according to the DFT calculations they are energetically unfavorable (see filled squares in figure 3(c) positioned at lateral widths larger than 25Å), because they are not terminated by rows of MnO 2 . We should also note that vibrational energies, which were not included in our method, might possibly play a role in the overall (1 1 19)-(1 1 21) energy balance.
The fundamental agreement between experiment and theory is further demonstrated by figure 4 , where we show (1 1 21) substrate the oxygen sublattice is highly buckled and the MnO x rows at the overlayer boundaries, i.e. those attached to the step edges, display a substantial vertical buckling ( figure 4(b) ). Energetical considerations based on the DFT derived energy balance between flat and corrugated Mn 14 O 20 stripes reveal that the significant relaxation of the oxide layer at its boundaries is responsible for the more favorable stabilization of the Mn 14 O 20 stripes on Pd(1 1 21) with respect to Mn 3 O 4 on a flat Pd(100). This is a limited size effect, since an extended c(4 × 2) Mn 3 O 4 layer does not have these boundaries [15] .
The superposition of the calculated and experimental STM images ( figure 4(c) ) shows an excellent one-to-one correspondence, thus proving the trustworthiness of the structural and energetical analysis. The peculiar sequence of parallel stripes with variable brightness can be interpreted in terms of the structural model (figures 4(a) and (b)) as arising from mixed Mn and O electronic states evolving along the MnO 2 wires parallel to the step. These MnO 2 wires are separated by darker depressions corresponding to the narrower Mn-vacancy-Mn rows. The brightest MnO 2 stripes correspond to the terminating portion of the Mn 14 O 20 overlayer, whereas the darker regions are attributable to the uncovered portion of the P(1 1 21) substrate at the upper step edge.
In conclusion, we have shown that, by making use of a periodic building principle (i.e. preferential formation of Mn x O y nanostripes with 'magic widths' of 19.53 + n5.58Å), one may envision the tailor-made growth of Mn x O y nanostripes on suitable wide stepped Pd (1 1 N) surfaces. We believe that the atomistic insights gained in this study are of relevance for designing oxide nanostructures and for exploring new bottom up strategies in nanotechnology fabrication.
Computational and experimental procedure
All ab initio DFT calculations were done by using the Vienna Ab Initio Simulation Package [20] within the spinpolarized generalized gradient approximation [21] and the projector-augmented-wave method [22, 23] . Due to the large number of atoms included in the simulated unit cell (more than 120 atoms) we have considered only the ferromagnetic ordering of Mn spin (which is the most favorable spin alignment in the parent Mn 3 O 4 structure constructed on the flat Pd(100) surface [18] ) and limited our analysis to a standard PBE description, though a more sophisticated (and computationally much more demanding) technique such as hybrid functional would be more appropriate to treat the localized 3d states of manganese.
The Mn x O y /Pd(11N) has been modeled with a repeated slab constructed by a four layers thick Pd(11N) substrate and a single manganese deficient MnO overlayer, anchored to the upper Pd step, with different lateral extension and stoichiometry all characterized by a rhombic distribution of manganese vacancies determining the c(4 × 2)-like symmetry. The vertical vacuum region was set to about 15Å. As regards the structural relaxation, the two bottommost Pd layers were kept fixed. To relax the remaining atomic positions (the two topmost Pd layers plus the Mn x O y overlayer) we used the interatomic forces calculated through the Hellmann-Feynman theorem and the geometry was optimized until the change in the total energy was smaller than 10 −3 eV between two consecutive ionic configurations and the forces less than 0.02 eVÅ −1 . Well converged structural and electronic relaxations were reached at an energy cutoff of 300 eV and adopting a -centered symmetry reduced 2D 3 × 3 Monkhorst-Pack [25] k-point mesh for Brillouin zone integrations. Additional tests using an energy cutoff of 350 eV have shown a difference in the calculated relative stability of less than 5 meV/atom. STM simulations were performed using the Tersoff-Hamann approach [26] within the constant current mode, at low charge density (1 × 10 5 electronsÅ −3 ), and the tunnel voltage was set to the corresponding experimental value (≈0.4 V).
The free standing models (figure 3 of the main paper) were simulated by periodically repeated two-dimensional (2D) Mn 3 O 4 -like stripes using two wide (more than 15Å) vacuum regions along the z and x directions, adopting the PBE optimized lattice parameter computed for the perfect Mn 3 O 4 monolayer, 2.79Å. Using the same 15 × 5 2D unit cell we have computed several different Mn x O y stripes characterized by different lengths as specified in figure 3 (the largest model contains 133 atoms). For each free standing model a full 2D relaxation (no vertical buckling allowed) of the internal degree of freedom was performed, using again a 2D 3 × 3 MP k-point mesh.
To evaluate the relative stability of the different surface models we made use of the energies of formation per adatom [24] : E f = (E TOT − E Pd − n O E O − n Mn E Mn )/(n Mn + n O ), where E TOT is the total energy of the considered Mn x O y /Pd (1 1 N) model, the energy E Pd refers to the clean Pd (1 1 N) substrate, and E O and E Mn indicate the reference energies for O (i.e. half of the oxygen dimer) and Mn (i.e. γ -Mn), respectively [14] . The numbers of Mn and O atoms are labeled by n Mn and n O .
The STM and SPA-LEED measurements have been performed in two dedicated custom-designed ultrahigh-vacuum systems (base pressures ∼1×10 −10 mbar), equipped with a variable-temperature STM/AFM or a SPA-LEED instrument as well as with electron spectroscopy facilities for surface chemical analysis. The Mn oxide c(4 × 2) overlayer was prepared by evaporation of 0.75 ML of Mn at room temperature followed by oxidation in 5 × 10 −8 mbar of O 2 at 800 K.
